Electron microscopy (EM) should be used in the front line for detection of agents in emergencies and bioterrorism, on accounts of its speed and accuracy. However, the number of EM diagnostic laboratories has decreased considerably and an increasing number of people encounter difficulties with EM results. Therefore, the research on viral structure and morphology has become important in EM diagnostic practice. EM has several technological advantages, and should be a fundamental tool in clinical diagnosis of viruses, particularly when agents are unknown or unsuspected. In this article, we review the historical contribution of EM to virology, and its use in virus differentiation, localization of specific virus antigens, virus-cell interaction, and viral morphogenesis. It is essential that EM investigations are based on clinical and comprehensive pathogenesis data from light or confocal microscopy. Furthermore, avoidance of artifacts or false results is necessary to exploit fully the advantages while minimizing its limitations. electron microscopy, viral structure, viral morphology, viral diagnosis
Electron microscopy (EM) has had a profound impact on our knowledge and understanding of viruses and infectious diseases [1, 2] , although this technique is occasionally considered to be laborious, old-fashioned and unnecessary [3, 4] . As a result of its rapid turnaround time and ability to detect unknown and unsuspected organisms, EM is on the front line in surveillance of new outbreaks [1,57] . Viruses from various families exhibit distinct appearances and these morphological variations form the basis of virus identification by EM [8, 9] . EM allows visualization of the structural characteristics [10] and morphogenesis [11] of viruses from a variety of clinical specimens. This information is often sufficient for identification of unknown infectious agents in the clinic.
The first electron microscope was built in 1931 by Ernst Ruska with the help of his mentor Max Knoll, as part of his Ph.D. studies [5, 12] . Eight years later, Ruska and his colleagues, Kausche and Pfankuch, were the first to visualize viruses (Tobacco mosaic virus) using EM [12] , and in 1986, Ruska shared the Nobel Prize with Binnig and Rohr, developers of the scanning tunneling electron microscope. EM has a history of about 100 years and is used routinely to detect and characterize morphologically all structures greater than 15 nm in diameter, which fortunately coincides with the size of the smallest viruses. Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) are used to investigate internal and surface structures, respectively. However, conventional TEM is used for virus detection in preference to SEM. TEM visualizes both external and internal virus structures as 2D information, whereas SEM data are confined to surface topology presented in 3D [4] . Ultramicro-detection, dynamic observation and quantitative measurement can be performed by EM, based on the high resolution and various sample preparation methods. Besides analysis of viral structure, EM provides a technique for investigation of viral morphogenesis. Here, we review the technological advantages, historical contribution to virology, limitations of EM, and direction in future studies of viral ultrastructure, morphology and morphogenesis.
Technological advantages
The majority of direct and indirect virus detection techniques, including ELISA, immunohistochemistry, in situ hybridization, polymerase chain reaction (PCR), virus titration and plaque formation, are tailored to detect a single species or family of agents with high sensitivity and specificity. However, EM has still served in qualitative and quantitative analysis rather than general sample observation. EM resolution of structures has been defined at a very high level: (i) titers of 10 5
10
6 particles mL 1 ; (ii) spot space of 0.1 nm; (iii) ultramicro-quantities of 10 25 g [13] . Based on traditional EM, functional EM is used for immuno-negative staining, immuno-EM (IEM) [1416], ion trapping, element analysis, cryo-EM and 3D reconstruction; all of which play important roles in studies of viral structure and morphogenesis [9, 13, 17] . In this review, we focus on EM sensitivity in viral structure and morphology-based detection instead of comparison with other molecular method [18] .
Direct and "open view"
The main area in which EM has been used in diagnostic virology is the evaluation of stool specimens from patients with suspected viral gastroenteritis. None of the major viral causes, including rotaviruses, enteric strains of adenovirus, noroviruses, and astroviruses, are easily cultured. All can be seen by TEM of material that has been negatively stained using phosphotungstic acid (PTA) or uranyl acetate (UA).
Other applications of EM include direct examination of blister fluid to discriminate between herpesvirus and poxvirus particles and detection of filoviruses (e.g., Marburg and Ebola viruses) in clinical samples such as serum or urine [14] . Viruses vary in size from 20 nm for enteroviruses to large pleomorphic myxoviruses, which can exceed 1 m in length. Cuboidal, hexagonal and complex symmetry form the main structural types of viruses [13, 19] . Structural features, such as the envelope with glycoprotein spikes on the surface (not all viruses with cuboidal symmetry have an envelope), the capsid, the capsomere and core containing nucleic acids in cuboidal viruses or glycoprotein spikes, matrix proteins, envelope and ribonucleoproteins in helical viruses can be discerned clearly by TEM through negative staining by different methods. Based on the principle of the "open view" (a term coined by Hans Gelderblom) [3] , TEM can be used to analyze: (i) integrity of viral particles; (ii) appearance of viral envelopes; and (iii) distribution of viruses in organs, tissues and cells. EM is also used to detect multiple infections and even infections that have not been screened for because they were considered unlikely to occur. The use of negative staining in EM in emergency situations caused by infectious agents is essential to characterize many new isolates detected in diagnostic cell cultures and clinical samples including stools, urine, and biopsy specimens [3, 20] . Therefore, the combination of morphological and structural information has forms the fundamental criteria for initial classification of many agents. Currently, more than 30 000 different viruses comprising 56 separate families have been identified, and humans have been found to host 21 of the 26 families specific for vertebrates [21] .
Rapidity and Specificity
If available and performed skillfully, EM diagnosis can usually be completed within 15 min and confirmed within 1 h by immune-negative staining with specific antibodies or serum. Microwave-assisted tissue processing for one-day EM diagnosis, exactly 45 h, provides rapid detection and allows a significant reduction in sample preparation time from days to hours, without any loss in ultrastructural detail [22] . Recognition of structural features and proteins defined as diagnostic markers and of patterns in size and particle morphology leads to rapid identification of infectious agents [4] .
Virus localization and virus cell interactions can be traced by IEM, Enzyme IEM (EIEM) or ultrathin sectioning. The specificity of IEM is based on antibody virus reactions, which were first observed in 1941 with Tobacco mosaic virus [23, 24] . In this instance, the term "immune EM" was coined by Almeida and Waterson [25] to describe the clumping of viral particles in EM. IEM usually involves two main techniques: immunoaggregation and immunolocalization. Immunoaggregation is an effective method for virus enrichment, which is used in solid phase IEM to increase the sensitivity of virus detection through cross linked antibody-mediated viral aggregation if the virus concentration is too low to be seen easily. The sensitivity of EM is increased 100-fold if homologous antibody is used to aggregate the virus [17] . Visualization of virus-antibody aggregates forms the basis for serotyping by IEM. Aggregation of viruses by antibodies has also been used to identify viruses specifically and to attract them to grids [20] . Immunolocalization can be used to identify many viral proteins, engineered viral proteins, virus-like particles and whole viruses. Studies with viral antibodies and gold-labeled secondary antibodies have demonstrated the intracellular location of various viral proteins, which sheds light on how these proteins are assembled. Antibodies against engineered proteins can be used to demonstrate differences by comparison with the native proteins, or to confirm the presence of artificial virus-like particles. Two types of procedures are available for specific identification of whole viruses: ultrathin sections stained with primary antibody followed by secondary antibody conjugated with colloidal gold, or immunolabeling combined with negative staining. Immunolabeling of hantavirus-infected cells has been used to show that the inclusion bodies (IBs) were composed of nucleocapsid proteins, despite their appearance in various forms (polygon, bunched, filiform or super-large) [20, 26] .
Accuracy and high resolution
EM has been recognized as a high-resolution (0.1 nm) nano-science and nanotechnology. Acceleration of monochromatic electrons to 80100 kV provides clear visualization of specimens with a thickness of up to 100 nm [4] and magnification of many thousands of times. This allows the fine detail of viruses to be discerned at the nanometer scale. Furthermore, viral particles and their constituents are visualized in different forms by using negative staining and thin sectioning. Negative staining has the advantage of providing a high-resolution outline of viral surface structures, such as the capsid and its capsomeres or the lipid membrane. In contrast, thin sections provide structural information about both outer and inner constituents, such as a second capsid, the core, and ribonucleoproteins, especially in cell culture samples.
Viral size, shape, and substructure differ significantly among the different families. Under EM, viruses with a range of sizes can be accurately identified based on structural features, such as the regular protein shell comprising multiple copies of one or more proteins forming the capsid of parvo and piconarviruses and the additional lipid membrane studded with glycoprotein projections of much larger viruses. Determination of the size of a suspicious particle, its capsid symmetry, the presence of additional structural components (e.g., glycoprotein projections and lipid membranes) ultimately leads to assignment of the viral particle to a particular family. For instance, identification of icosahedral capsid symmetry (7080 nm in diameter) with surface capsomeres represents the distinct structural features for diagnosis of adenovirus.
Application of EM in clinical and basic virology

Historical contribution of EM to the discovery of new viruses
Since the first electron micrograph of poxvirus was published in 1938, EM has played an important role in the discovery of new viruses and diagnosis of emerging infectious diseases with unknown etiology [1, 2, 8, 27, 28] . Within the subsequent 30 years, EM has continuously contributed to the initial identification of many other viral agents, including the differential diagnosis of smallpox and chicken pox infections in the late 1940s, and the discovery of poliovirus in 1952 [29] and many gastrointestinal viruses, including hepatitis B virus (HBV) [30] , reoviruses [28] and enteroviruses in the late 1960s [31, 32] . In the past 40 years, more than 40 novel pathogens have been described, half of which are viruses, such as Ebola virus, hantavirus, hepatitis virus and severe acute respiratory syndrome (SARS) coronavirus ( Table 1 ). Most of these etiological studies depended significantly on morphological visualization by EM, and the viruses detected were often determined to be the cause of severe or unusual in patients. EM was instrumental in elucidating the viral agent responsible for the first public health emergency and furthermore, this technique continues to be used to confirm infection and in quality control of molecular techniques [42] .
Most importantly, one of the main advantages of using EM for viral diagnosis is that it does not require organism-specific reagents for recognizing the pathogenic agent. Other approaches involving molecular and serological methods require the availability of a specific probe for viral identification. In the event of a disease caused by an unknown pathogen, it is hard to know which reagent to select for identification. In the 1980s, two world-famous discoveries of new viruses occurred in China: adult diarrhea rotavirus (ADRV) group B and hemorrhagic fever with renal syndrome (HFRS) virus. It was through EM and IEM that a new type of Rotavirus was identified and the causative agent of HFRS was classified [20, 37] . HFRS virus particles are morphologically similar in EM analysis to members of Bunyaviridae, such as Hazara, Chagres, Congo, Ganjam and sandfly fever viruses. The three main morphological components observed in HFRS virions are [15] (i) distinct unit membrane (i.e., the envelope); (ii) a granulo-filamentous viroplasm enclosed inside the membrane; and (iii) visualization of short projections on the membrane, which are not usually apparent due to immune precipitates. Therefore, it has been concluded that viruses isolated in China that are responsible for classical and mild forms of HFRS appear to possess morphology and morphogenesis essentially similar to bunyavirus-like viruses. Hung et al. [37, 44] have confirmed EM detection and classification of ADRV on the basis of morphology by RNA profile analysis. Two epidemics of acute diarrhea in China in late 1982/early 1983 affected more than 12000 adults in two coal-mining districts. The virus isolated from stool samples resembled a rotavirus morphologically. The viral particles observed in thin sections were indistinguishable from ordinary rotaviruses, exhibiting a dense hexagonal core surrounded by a characteristic radiating spoke-like structure. The mean diameter of Monkeypox in USA [43] the particles was 70 nm. In negative staining, particles from the fecal supernatants also showed typical rotaviral morphology. Unlike those in thin sections, however, particles in supernatants were frequently degraded to smooth spheres of approximately 50 nm in diameter [44] .
However, a change in use has been seen over the history of diagnostic EM in virology. Starting in the 1990s and coincident with the broad introduction of modern diagnostic techniques, the number of EM diagnostic laboratories has decreased considerably, despite the obvious advantages of this technique. Molecular techniques, which offer greater sensitivity and often the capacity to process large numbers of samples easily, have replaced EM in many areas of diagnostic virology [3] . Hence, the role of EM in clinical virology is evolving with less emphasis on diagnosis and more on basic research, although this is likely only to be undertaken in specialist centers. To guarantee the performance of diagnostic EM in the future, the system of External Quality Assessment on EM virus diagnosis (EQA-EMV) was established in 1994 at the Robert Koch Institute (RKI) in Berlin. A basic laboratory course has been held annually at the RKI focusing on teaching practical techniques and skills and implementation of EM techniques in correct diagnosis, surveillance, and control of infectious diseases. The growing number of participants from many countries indicates a requirement for and an interest in this program. Today, EM still offers tremendous advantages to the microbiologist, both in terms of the speed of diagnosis and the potential for detection, using a single test, of any viral pathogen or even multiple pathogens present within a single sample [3] .
Virus differentiation
Viral appearance varies in different samples, which make it necessary to differentiate viruses according to features visible under EM [1,4547] . The criteria for differentiation include the following [13] . (i) Size. In negative staining, naked human viruses have three size ranges: 2235 nm (e.g., parvoviruses, enteroviruses and caliciviruses); 4055 nm (polyomaviruses and papillomaviruses); and 7090 nm (reoviruses, rotaviruses and adenoviruses). Size is determined under the microscope by comparing the particle to a marker on the screen that represents a known size at a given magnification. (ii) Outer envelope. Some enveloped viruses have clearly visible surface projections (e.g., orthomyxoviruses, paramyxoviruses and coronaviruses), whereas others have short or fragile projections that are rarely seen in negative stains of clinical material (e.g., rubella virus, herpesviruses, and retroviruses). (iii) Location. The envelope in enveloped DNA viruses is formed by budding from the nuclear membrane or by movement to the cytoplasm and budding into cytoplasmic vesicles or from the plasma membrane. Naked DNA viruses may be seen in the cytoplasm after the nucleus starts to degrade. RNA viruses are not found in the nucleus with one exception; occasionally, helical paramyxovirus nucleocapsids (but not whole enveloped virions) are seen in the nucleus. The outer membrane in enveloped RNA viruses is derived by budding into cytoplasmic vesicles or from the plasma membrane. (iv) Structural features [48, 49] and generality of morphogenesis. Besides structural units in the viral surface such as capsomeres and spikes, 3D structure may provide information on fine features and viral proteins [50] . The crystal structure of nucleocapsid proteins has revealed a potential therapeutic target in Crimean Congo hemorrhagic fever virus (CCHFV). The structure reveals surfaces that are likely involved in RNA binding and oligomerization, and functionally critical residues within these domains have been identified using a minigenome system that can recapitulate CCHFV-specific RNA synthesis in cells.
Differential EM diagnosis contributed to identification of the causative agent in two similar viral diseases (smallpox and chicken pox) in 1948 [27, 51] . Leukovirus and human immunodeficiency virus (HIV) are similar in size and shape, but differ obviously in appearance in thin sections. Specifically, heavily stained, eccentrically located core-like structures are present in HIV, whereas leukovirus has typical C particles with a centrally located large core that is stained more heavily than surrounding structures. In negative stain- ing, molluscum contagiosum virus and poxvirus appear similar in size, shape and surface structural features but are distinguishable by the presence of an envelope in the poxvirus whereas molluscum contagiosum virus is naked (Figure 1 ) [52] . Furthermore, it is necessary to differentiate virus with other microbiology [53] .
Localization of specific viral antigens
Localization and labeling of virus-specific antigens can be performed by IEM [46] . Viral appearance varies at different stages, with atypical viral particles, premature virus, mature virus, and degraded virus visualized in thin sections of tissue or cell culture samples. IEM is performed using a general procedure including antigen binding through primary antibody and an immuno-gold labeled secondary antibody. IEM has the advantage that this method can be used to determine whether atypical structures are viral components. For instance, the irregular shape of viral IBs makes diagnosis difficult. IEM provides a practical method that allows clear visualization of IB structure (Figure 2 ) [15, 20] .
A critical skill in IEM involves conservation of antigen quality in samples after complex fixation protocols and other procedures. Therefore, processes detrimental to antigen quality should be avoided and pre-fixation labeling and post-fixation techniques have been developed that are commonly used in IEM to preserve antigen information. Double labeling can be performed using two sizes of immuno-gold particles (5 and 10 nm). This approach can be used to distinguish the similarity in ultrastructure of amyloid fibers of prion proteins [54, 55, 14] and  amyloid (Aβ) in Alzheimer's disease. The prion rods are indistinguishable from many other purified amyloids [55] such as Aβ [56] , whereas conformation-selective antibody [5759] based IEM can be used to recognize one type of amyloid from the others.
Micro analytical and quantitative EM
Quantitative EM requires the use of a hydrophilic support film to ensure even sample structure and staining. A freshly carbon-coated grid with a support film of Formvar (Collodion, Butvar or Pioloform are alternatives) provides even spreading, but older grids may not. Interactions between the virus and the grid surface as well as the stain occur in negative staining and these influence particle amount and viral structures (by fattening or shrinking), as well as leading to osmotic disruption of particles (pre-fixation or on-grid fixa-tion of the specimen by 0.1% (v/v) glutaraldehyde can improve preservation, in particular with purified viral particles) [4] . Therefore, EM-based quantitative data should be collected and assessed with particular care. An internally controlled solution for determining particle size is provided by the addition of an internal marker with known dimensions, such as catalase crystals (lattice spacing 8.75 nm). By measuring both the virus and the marker (on the same negative using a 10 measuring magnifier) and comparing the marker values with known standard values, viral dimensions can be determined with a deviation of <5% [4] . The same principle underlying the use of an internal marker is applicable to particle enumeration. After mixing defined volumes of the viral suspension and a suspension of latex beads (or polypropylene latex particles) of known concentration, the respective particles can be counted after negative staining or thin-section TEM. The concentration of the virus is then assessed by comparison with the concentration of the latex beads [4] .
Virus cell interaction and viral morphogenesis
Viral replication is impossible without cells, which make it important to study virus cell interactions [19, 60, 61] and viral morphogenesis by EM. The common life cycle of viruses comprises adhesion [62] , virus host receptor binding [62] , entry [63, 64] or fusion [65] , endocytosis [66] , replication [67] , assembly [68] and budding [69] (Figures 3  and 4) . New viral particles infect other cells and start a new life cycle. Changes in cell signal transduction [72, 73] , apoptosis and autophagy [74] are all clues to virus infection. Therefore, the more confusing aspects of the morphology of virus cell interactions [7577] will be deciphered on the basis of experiments in the fields of molecular biology, immunology, and virology. In the early 1980s in China, the causative agent in outbreaks of HFRS was identified by EM of viral morphogenesis. Formation of immuno-enzymepositive IBs was the remarkable feature observed in the HFRS-virus-infected cells, but the IBs are usually atypical in the early stages of virus infection. These IBs varied in number and appearance and could only be visualized in cells processed by immunostaining. The matrix of the IBs often appeared homogenous and/or granulo-filamentous, and occasionally, profiles of incomplete particles seemed discernible inside the IBs. Some atypical, possibly immature virions were frequently seen in the vicinity of the IBs [20, 26] . Hung et al. also reported their attempts in seeking Hantaan virus or its antigens, by means of thin-section IEM in organs of patients who died during the acute phase of HFRS. Strikingly, many dense precipitates, Hantaan virionlike structures, typical filamentous IBs, and immunogold-labeled viruses, as well as a surface antigen layer were observed in cadaveric kidneys. These findings may have elucidated the pathogenesis of HFRS in target organs most affected by the disease, such as the kidneys [15, 20, 78] .
Interpretation of differences in density, shape and contrast in EM images can be daunting. However, many aspects of such images that can be used to interpret cell virus interactions are based on the results of negative staining, thin sections, EIEM and immuno-gold-labeled IEM. Studies of virus host relationships began in the mid-1950s [79, 80] . Viruses were shown to vary in appearance during different stages of infections: HIV budding from infected lymphocytes, C particles of leukovirus, stick or tadpole-like HBV virus, arrays of HBV core antigens, silk, curling or foam-like influenza virus and strings of beads, kidney-or dumbbell-like SARS coronavirus [6] .
Besides clinical diagnostic uses, EM is important for the study of the ultrastructural features of virus cell interactions, which in turn, are useful in elucidating the potential of antiviral agents [81] . Surface proteins on viruses are responsible for their attachment to and entry into cells [82] as well as for their ability to elicit an immune response [83] .
Problems and resolutions
EM is laborious and time-consuming and has the following limitations that we should recognize and try to overcome. (i) Samples with low viral particle concentrations (<10 5 L 1 ) could lead to low sensitivity of EM. Immunoaggregation with specific antibody or nonimmunological procedures, including ultracentrifugation and agar diffusion, may be used to concentrate the material and therefore yield higher sensitivity [8] .
(ii) It can produce artifacts or false-negative results. UA acts as a fixative as well as a stain, and viruses can be viewed as intact long after initial diagnosis. Although PTA actively degrades some viruses, and immediate visualization is possible, viruses degrade within a few days after staining. (iii) Strict experimental conditions are required. If samples are not correctly shipped, preserved or fixed, distortion of viruses and cellular ultrastructure would happen. (iv) The complex embedding procedure is timeconsuming. Rapid methods for preparation of sections within 2.53 h have been reported. These involve very thin sectioning of tissue blocks (0.5 mm), which allows the length of time in solution to be decreased, and incubation is carried out at higher temperatures for shorter periods [17, 84] . The advent of microwave processing has further reduced the time required for staining, dehydration and embedding [85, 86] . Combination of microwave technology with digital image acquisition allows one-day diagnosis based on ultrathin sections and worldwide sharing of crucial or interesting findings using modern telemicroscopy tools via the internet [22] . (v) Real-time and live observations may be required for some experiments or investigations. (vi) If the pathology is focal, a small biopsy specimen or a single EM block may miss the area of infection. In this case, the combination of confocal microscopy and EM is recommended. It is important to examine semi-thin sections by light microscopy or to examine large (12 cm) sections of wet tissue by confocal microscopy to select areas of abnormal tissue morphology for subsequent EM examination. (vii) EM is unsuitable as a high-through-put screening method. Therefore, digital data analysis systems are required to improve sample and specimen throughput. Semi-automated analysis of digital images based on bispectral features has been described for identifying viruses in negative stains [87] . A combination of EM, IEM and clinical data is recommended to improve the accuracy of functional EM diagnosis and to ameliorate the limitations associated with this technique. Alternatively, Cryo-EM is a powerful tool for investigation of ultrastructural features [88, 89] . This technique allows examination of flash-frozen viral suspensions without chemical alteration of structures using a special transmission electron microscope equipped with a cryo-stage and cold chamber.
Reconstruction and analysis software provide a powerful tool for further use of digital data from cryo-EM. Many digital images are acquired at different tilt angles by cryo-EM and reconstructed into a 3D electronic representation [9094], which permits coloration of different components. Any trace of change in morphology due to mutation or drug treatment can then be detected by comparison with the control group [95] . Therefore, cryo-EM and tomography may provide a useful database of virus and host cell information, including the 3D structure of non-chemically fixed viruses, cell receptors for virus binding and the subunits of naked or enveloped viruses. Such details may provide useful data for drug design and gene therapy research [96100].
Conclusion
EM is a fundamental tool in clinical virus diagnosis and research into basic viral mechanisms, particularly in cases where agents are unknown or unsuspected. EM is used for etiological identification in outbreaks with emerging viruses, analysis of morphology and morphogenesis of viral pathogens, and ultrastructural comparisons for anti-viral drug design [101] in gene therapy. It is essential that EM is based on clinical data and comprehensive pathogenesis data from routine histology. Combined use of EM, IEM and cryo-EM [48, 49] is recommended to exploit fully the advantages of this technique while minimizing its limitations, although cryo-EM is not a suitable tool for pathogen detection. 
